Four types of porous methacrylate polymers were synthesized as stationary phases for gas chromatography. The influence of the chemical structure of the monomers used in the synthesis on the selectivities of the resulting polymers was studied. Two procedures were applied to determine the selectivities of the copolymers: the selectivity triangle and the general selectivity. Porapak Q, the least polar commercially available porous polymer, was used as a reference phase.
INTRODUCTION
Stationary phases for gas chromatography (GC) have been characterized in a number of ways. Thus, Rohrschneider (1966) classified stationary phases by their ability to retard polar solute probes. McReynolds (1970) substracted the dispersive contribution to the retention index of these probes to yield the difference, DI, and used the sum of DI values to describe the total polarity of the phases. In these methods, the selectivity of the phase was characterized by five constants represented by the differences in the Kovats retention indices of test substances (benzene, n-butanol, 2-pentanone, 1-nitropropane and pyridine) on the phase under study and on a reference column packed with squalane, both at the same temperature.
According to Smith et al. (1978) , graphitized thermal carbon black (GTCB) is a more suitable reference for classifying solid phases in chromatography than squalane, because with this phase none of the modified McReynolds' constants is negative. Using this modification of McReynolds' system, it is possible to obtain a good measure of the selectivity of polymeric packings. This is known as a general selectivity system. Castello and D'Amato (1987) proposed the use of Porapak Q (styrene-divinylbenzene-type copolymer) as a 'standard polymeric phase' in selectivity studies of polymeric phases, as it is the least polar porous polymer available commercially. In order to achieve a detailed classification of the possible interaction of polymeric phases with different functional groups of solute molecules, they used the following polarity reference substances: benzene, n-butanol, 2-pentanone, 1-nitropropane, pyridine, ethanol, 2-butanone and nitromethane. Of these, the first five represent the test substances recommended by McReynolds.
To distinguish the contribution of the common retention mechanism (hydrogen-bond donor, hydrogen-bond acceptor and dipole interaction) to the selectivity of porous polymers, Hepp and Klee (1987) adopted the selectivity triangle developed earlier by Snyder (1974) for liquid chromatography. The retention indices of n-butanol, 1,4-dioxan and 1-nitropropane referenced to those obtained on GTCB may be used for determining the hydrogen-bond donor, hydrogen-bond acceptor and dipole characteristics of a porous polymer. As retention is governed by the total energy of interaction, the extent to which any selectivity is exhibited depends on the amount of polar interaction relative to nonpolar dispersive interaction. GTCB was also used as a reference phase in this method.
The aim of the present work was to study the influence of the chemical structure of the monomers employed in the synthesis of porous polymers on their subsequent selectivities. In addition to nonpolar styrene-divinylbenzene (ST-DVB) porous copolymer, three other copolymers containing methacrylate functional groups were used. These were: ethylene glycol dimethacrylatedivinylbenzene (DMGE-DVB), 1,4-phenylene dimethacrylate-divinylbenzene (PDM-DVB) and bis(4-methacryloylmethylphenyl)sulphone-divinylbenzene (MMPS-DVB). All copolymers were synthesized in our laboratory.
Two procedures were applied to determine the selectivity of these copolymers, i.e. the selectivity triangle and the general selectivity. For more complete evaluation of their selectivities, the elution orders of the test mixture separated on columns packed with the studied copolymers were determined. The mixture contained the following compounds: 2-propanol (hydrogen-bond donor), triethylamine (hydrogen-bond acceptor), 1,2-dichloroethane (weak dipole), acetonitrile (strong dipole) and octane (no polar interactions).
EXPERIMENTAL

Synthesis of porous copolymers
Porous copolymers of DMGE-DVB, MMPS-DVB and ST-DVB were obtained by suspension polymerization from an equivalent mole fraction of monomers. Since the monomer PDM indicated limited reactivity, its concentration in the copolymer with divinylbenzene was decreased (see Table  1 ) (Koziol et al., submitted for publication) . Copolymerization was carried out at 80ºC for 20 h with toluene and n-dodecane being used as pore-forming diluents in the mixture. a,a¢-Azobisisobutyronitrile was used as the initiator. The copolymers obtained were washed with distilled water, filtered off, dried and extracted with boiling acetone, toluene and methanol in a Soxhlet apparatus. Visual observation using a microscope showed that the resulting particles were perfectly spherical in shape with sizes in the range 0.05-0.30 mm. Subsequently, the polymer beads were separated on sieves.
The chemical structures of the monomers used for the synthesis of the porous copolymers are presented in Figure 1 .
Measurements of specific surface areas of polymers
The surface areas of the copolymers were measured via nitrogen adsorption at low temperatures, using an ASAP 2405 adsorption analyzer (Micrometrics Inc., Norcross, GA, USA). The specific surface areas were calculated using the BET method assuming that the area of a single nitrogen molecule is 0.162 nm 2 (O / scik 1979). The measurements were preceded by activation of the samples at 200ºC for 2 h.
Column preparation
The columns were packed with porous polymers in the form of spherical beads with diameters in the range 0.08-0.12 mm. The Porapak Q of a similar sieve fraction employed was obtained from the Water Association, Milford, MA, USA.
All the columns were conditioned in a stream of helium before use. They were then further conditioned by temperature programming from 60ºC to 250ºC (in the case of Porapak Q to 200ºC) at a ramp rate of 4ºC/min and then overnight isothermally at the final temperature. The initial decomposition temperatures of the copolymers were first determined from the course of the TG curves. These measurements were carried out on an MOM (Budapest, Hungary) derivatograph at a heating rate of 5ºC/min over the temperature range 20-500ºC in air.
Chromatographic measurements
Chromatographic measurements were carried out on a Dani GC 1000 gas chromatograph (Dani, Italy) equipped with a thermal conductivity detector, using stainless-steel columns (100 cm × 1.6 mm i.d.) and employing helium as the carrier gas at a flow rate of 50 ml/min.
Measurements of the retention indices for the McReynolds substances (benzene, n-butanol, 2-pentanone, 1-nitropropane and pyridine) were carried out at 140ºC (Smith et al. 1978 ) and those of the selectivity parameters (n-butanol, 1-nitropropane and 1,4-dioxan) at 200ºC (Hepp and Klee 1987). The mixture of polar test solutes (acetonitrile, 2-propanol, triethylamine, 1,2-dichloroethane and octane) was also injected at 200ºC (Gawdzik 1990) .
The relationships between log V R and the carbon number of n-alkanes (C 5 -C 12 ) were linear for all the porous copolymers at 140ºC and 200ºC, and hence the retention indices could be applied for the selectivity measurements. The retention time for the peak corresponding to air was considered to be the dead time.
The samples were injected by means of a 1 ml syringe (SGE, North Melbourne, Australia). Each probe was injected separately.
Selectivity calculations
The selectivity parameters (x i ) were calculated and plotted on the face of the selectivity triangle using the equation (Hepp and Klee 1987; Gawdzik and Matynia 1998):
where DI b , DI n and DI d are the McReynolds constants for n-butanol, 1-nitropropane and 1,4-dioxan, respectively.
The McReynolds constants (DI i ) were calculated by substracting the average retention indices of the probe solute on GTCB from those on each of the porous copolymers. The values of the retention indices of n-butanol, 1-nitropropane and 1,4-dioxan on GTCB were those quoted by Hepp and Klee (1987).
The general selectivity (SI = x + y + z) was calculated using the reported retention data of GTCB for benzene (x), n-butanol (y) and 2-pentanone (z) (Kalashnikova et al. 1976 ). Retention indices were calculated from the equation given by Kovats (1958) : I x = 100 log(t¢ R,x /t¢ R,z )/log(t¢ R,z+1 /t¢ R,z ) + 100z
( 2) where t¢ R,x denotes the reduced retention time of the substance x, t¢ R,z is the reduced retention time of the homologous alkane with the nearest shortest retention time and t¢ R,z+1 is the reduced retention time of the next higher homologue eluted after homologue z, where z denotes the number of carbon atoms in the n-alkane molecule.
RESULTS AND DISCUSSION
From the data given in Table 1 , it appears that copolymers obtained from an equivalent mole fraction of monomers had rather low specific surface areas in comparison with those of Porapak Q. Copolymer PDM-DVB containing a high concentration of DVB in its chemical structure behaved exceptionally. Its specific surface area was similar to that of Porapak Q but its thermal resistance was significantly higher. Table 2 lists the retention indices, modified McReynolds constants and the general selectivities (SI) for the studied copolymers. The general selectivity index SI, defined as a measure of the polarity of the copolymer, indicates that all copolymers synthesized by us had a polar character. Even the ST-DVB copolymer was insignificantly more polar than Porapak Q (ST-DVB-type). The most polar was the MMPS-DVB copolymer which contained ester and sulphonyl functional groups. Copolymers containing only methacrylate groups (DMGE-DVB and PDM-DVB) had similar polarities. It was noteworthy that the PDM-DVB copolymer was less polar than DMGE-DVB; however, the low concentration of the PDM monomer in the chemical structure of the copolymer PDM-DVB (Table 1) was responsible for this phenomenon.
It should be stressed that every polar molecule is capable of several polar interactions and that retention on any particular stationary phase depends on the total interaction. It is possible to evaluate the relative interactions between any particular stationary phase and the polar probes provided that they have identifiable polar characteristics which predominate (Abraham et al. 1999; Santiuste 2000) . The values of SDI I describing the relative polar contributions to the retention and selectivity parameters (x i ) for n-butanol, 1,4-dioxan and 1-nitropropane are summarized in Table 3 . In this study, n-butanol (hydrogen-bond donor) was used to measure the hydrogen-bond acceptor characteristics, 1,4-dioxan (hydrogen-bond acceptor) to measure the hydrogen-bond donor characteristics and 1-nitropropane to measure the dipole characteristics of the polymer. In comparison to Porapak Q and the ST-DVB copolymer, all others studied had stronger hydrogen-bond acceptor properties. This was undoubtedly associated with the presence of lone electron pairs on the oxygen and sulphur atoms in the DMGE, PDM and MMPS monomers. Values of selectivity parameters x i indicate that all the polar polymers interacted with molecules with large dipole moments in a similar fashion. The location of these copolymers on the selectivity triangle is shown in Figure 2 . The elution order of the test mixture proposed by Hepp and Klee (1987) is presented in Figure  3 . The test mixture was composed of a proton donor (2-propanol), proton acceptor (triethylamine), a weak dipole (1,2-dichloroethane), a strong dipole (acetonitrile) and octane which has no polar functionality. The retention of these substances on GTCB was due almost entirely to dispersive interaction and for this reason they eluted in the order of their boiling points and molar volumes ( Table 4 ). All the porous methacrylate copolymers are located in the middle of the selectivity triangle. In comparison with non-polar ST-DVB stationary phases, all polar methacrylate copolymers exhibited stronger hydrogen-acceptor properties. 2-Propanol (hydrogen-bond donor) was retained on the latter in a similar strength to acetonitrile (dipole). The porous PDM-DVB copolymer exhibited a slightly better affinity towards hydrogen-bond acceptors. Unfortunately, on this phase, 2-propanol (representing hydrogen-bond donors) co-eluted with acetonitrile (dipole). It should be noted that the triethylamine peak was more symmetrical on all the methacrylate copolymers than that obtained on less polar porous ST-DVB copolymers. The results presented here indicate that the chemical structure of the monomers used in the synthesis of the polymeric stationary phases had an influence on their selectivities, but that the role of functional groups present in their structures was predominant. 
